Background: Colicin E7 (ColE7) is one of the bacterial toxins classified as a DNase-type E-group colicin. The cytotoxic activity of a colicin in a colicinproducing cell can be counteracted by binding of the colicin to a highly specific immunity protein. This biological event is a good model system for the investigation of protein recognition.
Introduction
Protein-protein interactions are involved in many fundamental processes that occur inside cells, such as cellular signal transduction, gene regulation, muscle contraction, and immunoprotection. Protein recognition is thus one of the most intensely studied areas in structural biology. The specific interactions between colicins and their immunity proteins provide a good system for investigating the principles of protein recognition. Colicins are a group of plasmid-encoded protein toxins produced by Escherichia coli to kill other sensitive E. coli and closely related coliform bacteria [1] . Immunity proteins coexpressed with colicins are the natural inhibitors of colicins. In colicinproducing cells, the cytotoxic activity of a colicin is inactivated by forming a one-to-one noncovalent complex with its cognate immunity protein.
Colicin plasmids are found in 30% of naturally occurring populations of E. coli and more than twenty colicins have been identified [2] . Colicins comprise three functional domains: receptor binding, membrane translocation and cytotoxic domains [3] and are classified into different subfamilies according to their binding to cell-membrane receptors. For example, colicins containing a receptor-binding domain that binds only to the vitamin B12 receptor (BtuB) are classified as E-group colicins. The cytotoxic activities of colicins against their target cells are well documented: as an RNase [4, 5] , a DNase [6] , or an ionophore [7] . The poreforming colicins have been studied more extensively and were used as model systems for investigating the mechanisms of protein translocation and channel formation. The crystal structures of two pore-forming colicins, Ia [8] and N [9] , were reported recently. In contrast, the three-dimensional structures of the enzymatic colicins are less known. Crystal or nuclear magnetic resonance (NMR) spectroscopy solution structures of three immunity proteins, Im3 [10] , Im7 [11] [12] [13] , and Im9 [14] , have been reported, but the structure of an enzymatic colicin has not been resolved yet. As a result, the molecular basis for the enzymatic activity of colicins has still not been clearly elucidated.
Colicin E7 (ColE7) is a nonspecific DNase of the E-group colicins [15] . Three other E-group colicins, ColE2 [16] , ColE8 [17] and ColE9 [18] , have been identified as DNasetype colicins and their specific inhibitors are designated as Im2, Im8, and Im9, respectively. The sequences of the C-terminal DNase domains of these colicins are approximately 80% identical (see Figure 1 ) and the sequences of their cognate immunity proteins are approximately 50% identical. However, these immunity proteins only bind with high affinity to the DNase domain of their cognate colicins, with dissociation constants ranging from 10 -14 to 10 -17 M [19] . The binding affinities of colicins with their cognate immunity proteins are amongst the strongest recorded for protein-protein interactions [20] . We have previously determined the crystal structure of Im7 [11, 12] . In this paper, we report the crystal structure of a complex between Im7 and the DNase domain of ColE7 at 2.3 Å resolution. The structure reveals the detailed interactions and suggests a molecular basis for the extremely tight and specific binding. It also provides a structural view for the novel folding of the DNase domain of ColE7. Possible locations for the DNAbinding sites and the nuclease active site in the DNase domain of ColE7 are discussed.
Results

Overall structure
The crystal structure of the protein complex of Im7 and the DNase domain of ColE7 was determined at 2.3 Å resolution by molecular replacement methods in combination with electron-density modification. The electron-density map in a region of the protein interface is shown in Figure 2 . The Cα-carbon backbone and the ribbon model of the complex are shown in Figure 3 . The final model includes the full length (residues 1-87) of Im7 and the C-terminal DNase domain of colicin E7 from residue 447 to 573. The first 15 residues located at the N-terminal end of the DNase domain of ColE7, including the histidine tag (MRGSHHHHHHGS; single-letter amino acid code)
Figure 1
Sequence alignment of several colicin and pyocin DNase domains, and of several immunity proteins. (a) The DNase domain of ColE7 aligns with other DNase-type colicins and related toxins. S1 and AP41 refers to two pyocins identified from Pseudomonas aeruginosa [44, 45] . (b) Im7 aligns with other immunity proteins. The conserved residues are shaded in gray, and the residues involved in protein-protein interactions are in blue in (a) and in red in (b). The histidine residues directly bound to the Zn 2+ ion in (a) are in green. The secondary structure elements indicated are those defined by the present work using the program PROCHECK [46] ; α helices are represented by green cylinders, and β sheets by green arrows. The figure was prepared using the program ALSCRIPT [47] . Structure constructed for the purpose of protein purification, and the three C-terminal residues (Arg574, Gly575 and Lys576), were not observed in the structure due to disorder. Im7 in the complex is composed of four α helices (α1*-α4*) folded in a varied four-helix-bundle structure that is identical to the previously determined crystal structure of the free monomeric Im7 [11] . The α helices in Im7 are written with an * to distinguish them from the helices in the DNase domain of ColE7, and the loops in Im7 are renamed as loop12, loop23 and loop34, as shown in Figure 1 . The root mean square (rms) deviation between Im7 in the complex and the free Im7 is 0.58 Å for all Cα atoms. Backbones for the N terminus and the C terminus (residues 1 and 2, and 86 and 87) and for loop 12 (residues 30 and 31) have the largest differences. If these regions are disregarded, the rms difference is only 0.47 Å. The sidechains of Im7 in the complex also retain their conformation, except for the sidechain of Trp75, which is different from the one in free Im7. This is probably because Trp75 is involved in the crystal packing in the orthorhombic unit cell of free Im7. Therefore, the formation of the protein complex essentially does not induce any prominent conformational change in Im7.
The structure of the DNase domain of ColE7 displays a novel α/β fold. A structural-homology search program using 1389 protein structures in the DALI [21] database revealed no similar fold. The structure contains a three-stranded antiparallel β sheet (βb-βe-βd) that is packed against four α helices (α1-α4). A two-stranded antiparallel β sheet (βa-βc) caps on the top and a small α helix (α5) flanks the other side of the central β sheet. A hydrophobic core is formed between the central β sheet and the α helices that are layered next to the sheet. This core is comprised of 22 residues, including all the methionine, phenylalanine, and tryptophan residues. A Zn 2+ ion is located at the edge of the central β sheet between βd and α5. This metal atom is coordinated to a water molecule and three histidine residues, His544, His569 and His573. The topology of the two antiparallel β strands (βd and βe) connected to a C-terminal α helix (α5) and the linking of the β strands to the α helix via a Zn 2+ ion resembles a zinc-finger structure [22] . Thus the metal ion is likely to be essential for the structure to fold properly.
The colicin-immunity-protein Interface
Im7 has a V-shaped structure that clamps around the DNase domain of ColE7, with the α1*-loop12-α2* in one arm and loop23-α3*-loop34 in the other arm. basic areas in the DNase domain of ColE7, located around residue Arg520. The electrostatic interactions must play one of the most important roles in the protein-protein interactions. The surface complementarity is not as obvious, but it can be clearly seen that Tyr56/Im7 protruding out of the interface is well accepted by a nonpolar surface pocket in the corresponding interface area in the DNase domain. The sidechains of Tyr55/Im7 and Asn516/ColE7 bulge out of the surfaces and the corresponding surface depression is observed in the counter molecules.
Residues involved in binding
The residues involved in the interactions can be identified by calculation of the solvent-accessible surface areas before and after complex formation. Figure 5 shows the difference in solvent-accessible surface areas for each of the residues. In Im7, residues Glu23 (40 Å 2 ), Asn26 (67 Å 2 ), Val27 (59 Å 2 ), Asp31 (50 Å 2 ), Asp35 (38 Å 2 ), Asp52 (50 Å 2 ), Tyr55 (90 Å 2 ), Tyr56 (132 Å 2 ) and Asp63 (66 Å 2 ) are most deeply buried (> 30 Å 2 ) at the interface, within which all the five charged residues are acidic. The two aromatic residues, Tyr55 and Tyr56, contribute the most to the buried surface areas. In the DNase domain of ColE7, the most deeply buried residues at the interface are:
, and Thr531 (62 Å 2 ). Five out of six charged residues are positively charged and Val523 is the only nonpolar residue.
In total there are sixteen direct hydrogen bonds at the Im7-ColE7 interface (see Table 1 ). Considering the average size of the interface areas, the number of hydrogen bonds between the two protein molecules is substantial in comparison to the number observed in other enzyme-inhibitor complexes. On average 1.37 hydrogen bonds are formed per 100 Å 2 of interface in ten enzymeinhibitor complexes [23] . However, in the ColE7-Im7 complex, 2.17 hydrogen bonds are identified per 100 Å 2 of the interface area. Moreover, of the sixteen hydrogen bonds, six involve charged donor and acceptor groups and six others involve one charged group, which should make significant contributions to the free energy of dissociation [24] . The large numbers of salt bridges and hydrogen bonds in the protein interface account for the tight interactions between colicins and immunity proteins. Only the complex of barnase and barstar shows a comparable number of hydrogen bonds, with six salt bridges out of a total of fourteen hydrogen bonds at the protein-protein interface [25, 26] .
Research Article Crystal structure of the DNase ColE7-Im7 Ko et al. 95 Figure 6 shows the detailed interactions between ColE7 and Im7 with the two arms of Im7 displayed in (a) and (b). One of the arms of Im7 includes the region of α1*-loop12-α2* from residue 23 to 39. This region interacts with the α4 and the C-terminal loop of α4 from residue 516 to 539. The sidechains of Glu23 and Asn26 in α1* make direct or water-bridged hydrogen bonds with Asn516, Asp519, and Arg520 in the helix α4 of the DNase domain of ColE7. The sidechain and mainchain of Asn26 contribute significantly to the interactions that include three direct and one water-bridged hydrogen bond. The negative charge of the three acidic residues, Asp31, Asp35 and Glu39, in α2* of Im7 is compensated by the basic residues of Arg520, Lys525, Lys528, and Lys537 in ColE7. The sidechain of Asp31 contributes significantly to the interaction because it makes two ion pairs with Arg520 and Lys525, within which three hydrogen bonds are formed. The importance of residue Asp31 in the interactions is addressed in the Discussion section. Val27 in Im7 makes van der Waals contacts with Val523 of ColE7, and the shortest distance between the two residues is 3.9 Å.
On the other side of the V-shaped arms, as shown in Figure 6b , the helix α3* and the loops connecting to helix α3* of Im7 from residue 49 to 63 interact with the N terminus of α4 and the following loop. In this region, Asp52 of Im7 makes one salt bridge with Arg530, two hydrogen bonds with Thr531, and two water-mediated hydrogen bonds with the mainchain of Thr529 and Gln532 of ColE7. The two tyrosine residues, Tyr55 and Tyr56, not only make several hydrogen bonds, but also van der Waals contacts, with the sidechains of Lys528 and Arg530 in the DNase domain of ColE7. As mentioned earlier, these two tyrosine residues in Im7 are the most deeply buried residues at the interface; thus they must contribute substantially to the interaction. Pro57 of Im7 makes van der Waals contacts with the sidechain of Ser514. It should be noted that the important residues involved in interactions in this region, including Asp52, Tyr55, Tyr56 and Pro57, are all conserved in the DNase-type immunityprotein subfamily. Moreover, there are seven direct or water-mediated hydrogen bonds in this region involving mainchain atoms in ColE7. The choice of using more of the mainchain atoms of ColE7 in the interactions is probably because the counter residues in Im7 are conserved. The top half of Table 1 lists all the hydrogen bonds formed by the first arm of Im7 and the bottom half lists those formed by the second arm of Im7.
Water molecules at the interface
There are at least 28 water molecules in the vicinity of the protein-interaction interface. The average temperature factor for these water molecules is 36.4 Å 2 , a value lower than that of the DNase domain, indicating that these waters are quite ordered. Among these water molecules, 24 are within a distance of 5 Å from both protein molecules, and seven water molecules are directly involved in the water-bridged hydrogen bonds between Im7 and the DNase domain of ColE7 that form eleven hydrogen bonds, as shown in Table 1 and Figure 6 . Five water molecules are involved in a 'double-water-bridged' hydrogen bond in the style of Im7-water-water-ColE7. The remaining 12 water molecules are located at the rim of the interface and they presumably also participate in stabilizing the interface. The analyses of the surface areas in the context of the entire model with program Areaimol in the CCP4 suite shows that 8 out of the 28 interface water molecules are completely inaccessible to the bulk solvent (accessible area = 0 Å 2 ) and 5 others are mostly buried (area < 5 Å 2 ). Thus, these water molecules may also contribute to the shape complementarity between the two proteins in the complex.
Metal-binding site
The highest peak in the electron-density map (> 7σ) was assigned as a Zn 2+ ion based on the measurement of atomicemission spectroscopy and by virtue of its associated ligands. However, the relevance of the in vivo biological significance of the Zn 2+ -bound enzyme is not certain as a recent report shows that the DNase domain of ColE9 has optimal activity in the presence of divalent metal ions of Ni 2+ , Co 2+ , or Mg 2+ [27] . The Zn 2+ ion is bound by three histidine residues:
96 His544 (ND1), His569 (NE2), and His573 (NE2), and a water molecule (see Figure 7) . The geometry of the Zn 2+ ligand's structure is a distorted tetrahedral configuration, with the ligand-metal-ligand angles ranging from 79° to 134°. The bond distance is 2.06 Å for Zn 2+ -ND1 of His544, 1.92 Å for Zn 2+ -NE2 (His569), 2.57 Å for Zn 2+ -NE2 (His573) and 2.16 Å for Zn 2+ -OH 2 . A second water is hydrogen bonded to the Zn 2+ -bound water and ND1 of His545. The structure of a Zn 2+ ion bound to three histidines and one water molecule in a tetrahedral geometry has been observed before in the structures of carbonic anhydrase [28] , β-lactamase, and DD-Carboxypeptidase [29] .
Discussion
Specific interactions between colicins and immunity proteins
The protein-recognition sites in Im7 can be described as being composed of two separate arms in a V-shaped structure. One arm is located in the α1*-loop 12-α2* region, the sequence of which is highly variable among members of the DNase-type immunity-protein subfamily. The other arm is located in the region of loop 23-α3*-loop34, and the sequence of this region is more conserved. These two arms interact with a continuous region in ColE7, the α4 helix and the following long loop. The protein-recognition site in ColE7 is the most variable region in the subfamily of DNase-type colicins (see Figure 1 ). Thus, a variable region in colicin interacts not only with a variable arm, but also with a more conserved arm in Im7. Almost all of the hydrogen bonds in the region of the variable arm of Im7 involve sidechains of ColE7 and there is only one hydrogen bond to a mainchain atom in ColE7. By contrast, in the region of the more conserved arm, there are three direct hydrogen bonds and four water-mediated hydrogen bonds involving mainchain atoms in ColE7. Therefore, ColE7 chiefly uses sidechains to interact with the variable residues and mainchains to interact with the conserved residues of Im7.
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Figure 6
Stereoview of the interactions between the DNase domain of ColE7 and Im7. (a) The sidechains of Im7 in the region of α1*-loop12-α2* interact with the sidechains of the residues in the DNase domain. This region of Im7 dominates its specificity. Coloring is as in Figure 3 . The green spheres represent water molecules. The detailed hydrogen-bond distances are listed in the top half of Table 1 . (b) The sidechains in the region of loop23-α3*-loop34 in Im7 interact not only with the sidechain, but also with the mainchain atoms of the DNase domain of ColE7. The detailed hydrogen-bond distances are listed in the bottom half of Table 1 .
The specificity of each of the immunity proteins for their cognate colicin is likely to be mediated predominantly by the variable arm. In fact, the variable arm of Im7 participates in four out of five ion pairs, whereas the conserved arm participates in only one ion pair. Therefore the variable arm in Im7 is not only important for specificity, but it also contributes significantly to the tight binding between the two proteins. The hydrophobic interactions contributed by the two conserved tyrosine residues (Tyr55 and Tyr56) are also important for the high affinity. Tyr55 inserts into a nonpolar pocket between Asn516 and Lys528. This pocket may also be present in ColE2 and ColE9, in which the lysine residue is replaced by phenylalanine, and may have even higher affinity for the tyrosine sidechain. A dualrecognition model has been proposed for colicin-immunityprotein interactions [30] . It suggests that the conserved region in Im7 dominates the strength of the binding and that the neighboring variable residues control specificity. In the crystal structure of the complex of the DNase domain of ColE7 with Im7, indeed, the variable and conserved residues in Im7 both contribute to the interactions and the variable residues are probably responsible for determining the specificity of immunity.
Structural interpretation of biochemical properties of mutant immunity proteins
It has been demonstrated before that single-site mutations usually cannot change the phenotype of the DNase-type immunity proteins. For this reason, before the complex structure could be resolved, it was difficult to determine the specific residues essential for the interactions. We have changed five different negatively charged residues in Im7: Glu14, Glu23, Glu25, Asp31, and Asp35 to alanine; the mutant proteins did not exhibit any change in the in vivo specific immunity to ColE7 (data not shown). In a previous study, ten residues in this region of Im9 were changed, in turn, to the corresponding residues of Im8 and, except for Val34-Asp and Val37-Glu, which showed minor increases in Im8 activity, none of the other mutant proteins changed their phenotype [31] . We believe that, because there are so many residues involved in the interactions, a single-site mutation is not enough to abolish the entire interaction network; other residues are able to maintain the network.
NMR perturbation experiments showed that most of the strongly shifted amides in Im9, while Im9 was interacting with colicin E9, were located on the surfaces of α2* and α3* [32] . In another case, several chimera of Im9 were constructed that involved the substitution of different fragments of Im9 into the corresponding regions of Im2. Binding assays suggested that the specificity of immunity proteins was determined predominantly by residues on α2*, with the neighboring residues located in α1* and loop34 playing a minor role [33] . Very recently, alanine scanning mutagenesis data further revealed ten residues in Im9 important for binding the DNase domain of colicin E9 [34] . All these results are in agreement with our complex structure -that α2* and α3* indeed contribute most significantly to the interactions. However, the structure further demonstrates that the C terminus of α1* and surface loops (loop12, loop23 and loop34) are also involved.
Recently, we constructed a triple mutant of Im7 (Asp31-Asn/Asp35-Asn/Glu39-Gln) that completely lacked in vivo inhibitory activity against ColE7 (F-M Lu, HSY, S-J Chang and K-FC, unpublished results). Moreover, the inhibitory effect of the residues of Im7 against ColE7 can be ordered such that Asp31 > Asp35 > Glu39 (F-M Lu et al., unpublished results). This result is quite consistent with the crystal structure of the complex of the DNase domain of ColE7 with Im7 in that the three acidic residues are on the same side of α2* and they all participate in the interactions in which Asp31 contributes the most (three hydrogen bonds), Asp35 the next (one direct and one watermediated hydrogen bond) and Glu39 the least (one hydrogen bond). Mutation of the three critical residues in Im8 at the equivalent positions (Glu29, Asp33 and Glu37) eliminated specific immunity of Im8 to its cognate colicin E8 (F-M Lu, et al., unpublished results). This result indicates that the residues in the region of α1*-loop12-α2* contribute significantly to the specificity of the proteinprotein interactions. This conclusion is consistent with our earlier prediction based on the crystal structure of Im7 [11] : that α1*, α2* and the surface loops are involved in interactions, and, moreover, that the most acidic and variable region in Im7 located in α1*-loop12-α2* plays a major role in specific binding to colicins.
Putative DNA-binding region and DNase active site for ColE7
The DNase-type colicins have in vivo cytotoxic activity and a high in vitro activity in cleaving various DNA molecules, as previously demonstrated for ColE2 [35] and ColE9 [36] . It has been shown that the replacement of either Arg544, Glu548 and His575 with alanine in ColE9 (corresponding to Arg538, Glu542, and His569 in ColE7, respectively) completely inactivated the DNase activity. Replacement of another conserved and metal-binding residue, His579, with alanine in ColE9 (corresponding to His573 in ColE7), however, did not affect DNase activity. This result implies that His579 in ColE9 (or His573 in ColE7) is not involved in catalysis, and as the metal-ligand bond distance for the equivalent His573 of ColE7 is the longest one among the others, its binding to metal ion is probably not critical for maintaining the structure of the enzyme. On the other hand, Arg538, Glu542 and His569 in ColE7 are conserved in all of the DNase-type colicins, and disruption of the DNase activity by mutation suggests that they may be involved in the DNA cleavage reaction. These three catalytically important residues are located near the Zn 2+ ion, where His569 is directly bonded to the metal. It has been shown previously that a Zn 2+ -bound water molecule has a reduced pKa and is usually a critical component of the catalytically active Zn 2+ sites [29] . We speculate that in the DNase domain of colicins, the metal-bound water molecule may serve as a nucleophilic hydroxide ion that attacks the phosphate atom. Similar mechanisms utilizing a Zn 2+ -bound hydroxide ion to attack the carbonyl group of substrates have been observed before in carboxypeptidase A structure of Penicillium citrinum P1 nuclease also suggested a cleavage mechanism for the single-stranded DNA phophodiester bonds involving the nucleophilic attack by a Zn 2+ -activated water molecule [39] .
In addition to the metal-binding site, there is also a cleft near the three important residues for activity. This cleft is located between the central β sheet and the α helices layered next to the sheet, extending from the metal-binding site to the densely positively charged surface where Im7 binds, as shown in Figure 7 . Several polar or charged residues, Arg447, Arg496, Arg538, Ser540, and Glu542, flank the walls of the cleft, and the sidechains of Phe492, Trp500, Ala526, and Leu543 form the floor. Again, we speculate that the cleft is a binding site for the DNA substrate. One particularly interesting residue is Glu542, which is salt-bridged to Arg538 and also hydrogen-bonded to the NE2 atom of His569. Mutation of the three equivalent residues in ColE9 abolished the DNase activity, suggesting that they play a vital role in the hydrolysis reaction. It seems likely that these three residues are involved in carrying a proton to the leaving group. However, we must emphasize here that the mechanism for the cleavage catalyzed by colicins is completely unknown. The active site proposed here for the DNase domain of ColE7 is based purely on the structure and very limited information regarding mutagenesis and can therefore only be used as a starting point for further analysis.
The Zn 2+ -binding site is quite distant from the proteinprotein interaction interface. How a Im7 protein inhibits the DNase activity of ColE7 is unclear. The three mutants of ColE9 with no DNase activity are still able to bind DNA, implying that the major DNA-binding site for the enzyme is probably extending beyond the active site for cleavage. Assuming that the metal-binding site is indeed the active site, the binding of the immunity protein to colicin either induces conformational changes around the active site so that it loses DNase activity, or the immunity protein blocks the major DNA-binding site such that the DNA cannot bind to the DNase domain for further cleavage. A very important residue, Asp39, in barstar contributes three hydrogen bonds in the barstar-barnase interaction and was found to occupy the phosphate-binding site of barnase [26] . Asp31 in Im7, as well as other acidic residues, may play a similar role in mimicking DNA. The counter surface of Asp31 in the DNase domain of ColE7 is the most basic region, it is therefore possible that this region is primarily responsible for binding of acidic DNA molecules. Nevertheless, we cannot rule out the possibility that the metal-binding site may not be the active site as we suggest here, and that perhaps the real active site is close to or within the protein interface. The DNase domain of colicin E7 exhibits a fold not yet seen in other nucleases. As little experimental data are available, there is not enough information to elucidate the detailed mechanism for DNAbinding and cleavage. In the future, further structural or biochemical studies must be carried out in order to understand how DNase-type colicins bind and cleave DNA.
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Figure 7
The metal-binding site in the DNase domain of ColE7. (a) The metal atom is located in a cleft, the wall of which is flanked by several charged residues. The metal-binding site is far from the protein-protein interface. (b) Three histidine residues, His544, His569, and His573, and a water molecule are bound to the Zn 2+ ion in a distorted tetrahedral structure. A second water is hydrogenbonded to the metal-bound water and His545. The water molecules are represented by green spheres and the metal atom by a yellow sphere.
Biological implications
Colicins have been used for decades in a wide variety of studies of different aspects of biology. Thirty to fifty percent of enterobacteria have been shown to contain colicin plasmids. The cytotoxicity of each of the colicins is only completely inhibited by its cognate immunity protein. We still do not fully understand the mechanism by which an immunity protein can accurately select and bind to its cognate colicin, however. The detailed structural analysis of a colicin bound by its cognate immunity protein has the potential to advance our understanding of protein recognition in general. Here, we present the structure of the DNase domain of colicin E7 in complex with its inhibitor Im7. The interaction between ColE7 and Im7 is characterized by the highly charged complementary interfaces and numerous intermolecular hydrogen bonds, 75% of which involve charged groups. The hydrophobic interactions are also present at the interface, but the protein-interface areas are less hydrophobic than other protein-protein interactions.
In the past, many structures of proteinase-inhibitor complexes and one structure of a ribonuclease-inhibitor complex have been solved, but complexes of a DNase and its inhibitor are rare. Moreover, the complex structure presented here reveals a novel fold for the DNase domain of ColE7 in which a metal ion is present. The fold of the DNase domain of ColE7 is quite dissimilar to those of other endonucleases, exonucleases, recombinases, or topoisomerases. On the basis of the coordination of the metal ion, it seems likely that the metal-bound water and the residues near the metal are involved in the phophodiester-hydrolysis reaction. The DNase domain of ColE7 may form a new class of nucleases that cleave DNA in a manner not previously seen. The structure of the DNase domain of colicin E7 provides a good starting point for the full characterization of the mechanism of DNA binding and cleavage by colicins.
Materials and methods
Construction of the vector for overexpression of the DNase domain of ColE7 and Im7
The expression vector pQE-30 (Qiagen, Germany) containing a six-histidine affinity tag at the N terminus of the cloning site was used to clone the DNase domain -ceiE7 of the operon. E. coli SG13009 (nal s, str s, rif s, lac -, ara -, gal -, mtl -, recA +, uvr + ) was used as the host for the expression vector and the recombinant plasmid. All cultures were routinely grown in Luria-Bertaini (LB) broth or on plates of LB agar and were supplemented, where required, with 50 µg/ml of the appropriate antibiotic.
Plasmid pHK001 [15] containing a completed ColE7 operon was used as a template for polymerase chain reaction (PCR) amplification. A 753 base pair (bp) DNA fragment containing the DNase domain [36] and the entire ceiE7 gene of the ColE7 operon [15] was amplified by PCR using a pair of oligonucleotide primers: PT2A-F (5′CAAATTAGGATCCGA-GAGTAAACGGAATAAG3′) and PT1-R (5′TATTTTCTGCAGAACGAC-TCCTTGTTGTG3′). A BamHI and a PstI site were generated at either end of the PCR-amplified fragment (represented by underlining in primer sequence). PCR reactions were carried out in 100 µl volumes using one unit of Taq polymerase with 30 cycles of 94°C for one minute, 55°C for 30 seconds and 72°C for one minute. The PCR-amplified fragment was then cleaved with BamH1 and PstI and ligated into the expression vector pQE-30 incubated with the same restriction enzymes. The resulting recombinant plasmid, pHBH, was transformed into E. coli SG13009.
Purification of overexpressed ColE7 DNase domain and Im7
Overnight E. coli SG13009 (pHBH) cultures were diluted 100-fold in 200 ml LB. Cells were incubated at 37°C, with shaking at 200 rpm. Isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM to induce the expression of the DNase domain and Im7. The induced cultures were continuously incubated at 37°C for another five hours before harvesting. Cells were harvested and resuspended in a 150 ml sonication buffer (50 mM Na phosphate, 300 mM NaCl, pH 7.8) containing 150 mg lysozyme. After incubation at 37°C for one hour, cells were extensively sonicated until most of the cells were broken according to observation under a phase-contrast microscope. Cell debris of sonicated cultures was removed by centrifugation (10000× g for 30 min). The resulting crude cell extracts were then filter sterilized.
Crude cell extracts (150 ml) were loaded into a Ni-NTA resin affinity column (Qiagen, Germany). After loading, the column was washed once with 100 ml washing buffer (50 mM Na phosphate, 300 mM NaCl, pH 6.0) to remove unbound protein. 
Atomic-emission measurement
The contents of metal elements in the protein complex were measured on a Jarrell-Ash model ICP 9000 inductively coupled plasma atomic emission spectrophotometer. A Zn content of 1.07 µM, a Ni content of 0.15 µM, and a Mg content of 0.56 µM were detected from 2.6 µM of protein, corresponding to the molar ratio of protein: Zn: Ni: Mg = 1: 0.4: 0.06: 0.2.
Crystallization and data collection
The crystals of the complex were obtained by the hanging-drop vapordiffusion method. Drops of a solution containing 15 mg/ml of protein complex, 5 mM sodium citrate (pH 5.6), 0.25 M ammonium acetate, and 10% PEG4000 were set up against a reservoir of 22.5% PEG4000.
Plates of crystal appeared within about a week at room temperature. These complex crystals diffracted X rays to nearly 2.0 Å resolution under cryogenic conditions and belonged to orthorhombic unit cells with a body-centered spacegroup of either I222 or I2 1 2 1 2 1 . X-ray diffraction data were recorded with synchrotron X radiation (λ = 1.00 Å) at room temperature using the Sakabe Weissenberg camera on beamline 6B at the KEK Photon Factory (Tsukuba, Japan). The unit-cell parameters are: a = 65.5 Å, b = 76.1 Å and c = 120.1 Å. An asymmetric unit consists of one DNase domain of ColE7 complexed with Im7, and the Matthews' volume (V m ) is 2.8 Å 3 /dalton, corresponding to 54% solvent content [40] . The data were processed using the HKL package [41] ; Table 2 lists the statistics.
Structure determination and refinement
Several heavy-atom derivatives were tested, but none was effective for solving the crystal structure by the multiple isomorphous replacement method. However, the crystal structure was successfully determined by the molecular-replacement method using the known tertiary structure of Im7 as a search model in the program X-PLOR [42] . Several data sets and all of the orthorhombic (one) and monoclinic (four) models of Im7 were tested [11, 12] , but only the combination of the orthorhombic Im7 model and the synchrotron data set yielded a unique solution. The orientation of the Im7 molecule in a I222 unit cell was specified by (θ 1 , θ 2 , θ 3 ) = (266°, 86°, 262°) and its center position by (t x , t y , t z ) = (0.355, 0.389, 0.107). The rotation solution is 6.7σ above mean value and 2.6σ higher than the second solution. The translation solution is 6.54σ above mean value and 2.4σ higher than the second solution.
The space group of I2 1 2 1 2 1 did not yield any solutions. This model gave an initial R value of 51.6% for data between 8 Å and 3.2 Å resolution. Subsequent rigid-body refinement using all data between 40 Å and 2.3 Å gave an R value of 46.2%. In the unit cell, Im7 molecules were packed back to back, forming four-membered clusters while the surface predicted for interactions with colicin was exposed. No bad intermolecular contacts were observed. All 87 residues in the Im7 molecule only accounted for about 40% of the asymmetric unit. However, in the electron-density map phased by this model, several fragments of densities for the DNase moiety of the complex were observed. Instead of building a protein model into the map at this stage, 109 water molecules were placed in the regions with strongest density.
Throughout the refinement, 8% of randomly selected data were set aside for cross validation with free R values, and bulk-solvent setup was also employed after the complete model was built to include the low-resolution data. After 20 separate routines of simulated annealing, the models gave R values of ~32% and an R free of ~45%. All 20 trial models were combined and used as the starting models for density modification (DM) with solvent flattening and histogram matching [43] . The ensuing Fourier map clearly showed both the backbone and the sidechains of two α helices adjacent to the Im7 molecule. These were assigned as residues 490-530 in the colicin E7 sequence, as strongly implicated by the shape of the sidechain densities. In addition to this 40-residue fragment, there were still many other densities for the DNase domain. Again, 178 water molecules were added and the model was further refined by simulated annealing.
This second model yielded an R value of 29 or 30% and an R free of 43-45%. Likewise, a second electron-density map was produced using DM and more amino acid residues were identified in the DNase domain. The second region built into the model comprised residues 555-570 near the C-terminal end of ColE7. The dipeptide of Trp464-Leu465 could also be seen in the map at this stage. Another 186 water molecules were added to the model, and after refinement, the R value and R free were reduced to 27% and 42%, respectively. Such routines were repeated until the entire polypeptide fold of the DNase domain was elucidated. Apart from the N-terminal and C-terminal segments of the DNase domain, all of the amino acid residues were built into the map, rendering a final model comprising residues 1-87 of Im7, residues 447-573 of ColE7, 162 water molecules, and a bound Zn 2+ ion. Nevertheless, regions around residues 470 and 550 of the ColE7 still had weak densities. The final model yielded an R value of 20.3% and an R free of 27.0% for 10,498 reflections in the resolution range of 40.0-2.3 Å with F> 2σ F ; or an R value of 21.3% and an R free of 0.277 for all of the 12,083 reflections with F > 0 in the same resolution range. All atoms had temperature factors of less than 70 Å 2 , apart from residues 550 and 551 of the ColE7 and 17 water molecules, while the Zn 2+ ion had a B factor of 51.0 Å 2 . Statistics of the crystallographic refinement are also listed in Table 2 , and the electron-density map is shown in Figure 2 . The Ramachandran plot showed 87.6% of the amino acid residues located in the most favored region, 12.4% in the additional allowed region, and none of the residues fell in the disallowed region.
Accession numbers
The atomic coordinates of the DNase domain of ColE7 in complex with Im7 have been deposited in the Brookhaven Protein Data Bank with accession code 7CEI. 
